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H epatitis C virus (HCV) infection is a global concern, with more than 70 million people infected. (1) Most new infections and a large proportion of prevalent HCV infections in developed countries occur in people who inject drugs (PWID). The prevalence of HCV among PWID ranges from 50% to 80% in various regions of the world. (2) In British Columbia, Canada, approximately 30% of individuals with prevalent infections and 70% to 80% of those with acute infections have a history of injection drug use (IDU). (3) Despite a very high disease burden and availability of curative treatments since the early 2000s, PWID were less likely to receive treatment during the interferon-based treatment era compared to other population groups. (4) Major reasons for low treatment uptake included concerns related to tolerability, poor compliance, and reinfection. (5) Highly effective, short course, and well-tolerated direct-acting antiviral (DAA) agents are a major medical breakthrough that have mitigated some of these concerns for groups previously impeded from optimal treatment access, such as PWID, people living with human immunodeficiency virus (HIV ), and those with advanced-stage liver disease. However, there is an urgent need to evaluate whether gaps in treatment access remain for PWID. (6, 7) Recent data from randomized controlled trials (RCTs) assessing the efficacy of grazoprevir/elbasvir and sofosbuvir/velpatasvir (SOF/VEL) among PWID on opioid agonist therapy (OAT) and participants in other trials on OAT showed a high efficacy of various DAA regimens comparable to no IDU among HCV-infected population groups. (8) (9) (10) However, PWID participating in RCTs are very different from those in a real-world situation, and concerns remain about compliance, loss to follow-up, and treatment effectiveness. (11) Although data on the treatment of PWID from real-world settings are emerging, many of these studies are small and enroll patients from single practice or community programs, with the exception of a recent German study. (12) (13) (14) (15) (16) As such, broader population-based data on the treatment of PWID with DAAs are limited. Such data are critical to informing treatment effectiveness and expanding treatment access to this marginalized group and for reaching the World Health Organization's goals of HCV elimination.
We evaluated the effectiveness of ledipasvir/SOF (LDV/SOF) in treating HCV genotype 1 and SOF/ VEL for all genotypes among PWID and those not injecting drugs who were on or off OAT in a realworld clinical practice.
Participants and Methods

tHe CoHoRt
For this analysis, we used data from the British Columbia Hepatitis Testers Cohort (BC-HTC). Details of the cohort creation and epidemiologic characteristics have been reported. (3, 17) The BC-HTC includes all individuals tested for HCV or HIV or reported as a case of hepatitis B virus (HBV), HCV, HIV, or active tuberculosis in British Columbia between 1990 and 2016 (Supporting Table S1 ). These data are integrated with data on medical visits, hospitalizations, cancers, prescription drugs, and deaths. All residents in British Columbia are registered in the publicly funded insurance plan that acts as a single-payer system and covers services provided by fee-for-service practitioners. HCV laboratory testing for the entire province is performed at the British Columbia Centre for Disease Control Public Health Laboratory (BCCDC-PHL), except for <5% of screening tests performed at a regional laboratory that sends positive tests to BCCDC-PHL for confirmation and HCV RNA testing. All dispensed prescriptions in the province, including HCV treatments and OAT, are recorded in a central system called PharmaNet.
stuDy population anD HCV tReatments
This analysis included individuals who were HCV positive, who initiated treatment with SOF-based regimens LDV/SOF or SOF/VEL until January 13, 2018, and who were followed for treatment response until October 9, 2018. In British Columbia, LDV/ SOF became available on October 14, 2014, and SOF/ VEL became available on July 14, 2016. LDV/SOF, with or without ribavirin (RBV), was used for treating people with genotype 1 for 8, 12, or 24 weeks, based on prior treatment experience, fibrosis level, and viral load. SOF/VEL with or without RBV was prescribed for treatment of all genotypes for 12 weeks. Treatment in British Columbia during this study period was provided by hepatologists, infectious disease specialists, and some general practitioners. Addiction services and HCV treatment are co-located in some clinics. For this analysis, all participants taking LDV/SOF were followed for at least 36 weeks from treatment initiation, and those taking SOF/VEL were followed for 24 weeks to allow for treatment response assessment. Treatment duration was classified as 8, 12, and 24 weeks. We excluded those with no RNA after treatment initiation or those with negative RNA tests between the end of treatment and week 10 after treatment but no RNA test following week 10 after treatment to assess sustained virologic response (SVR).
The study population was classified into those who were on OAT and not on OAT. OAT in British Columbia includes methadone and buprenorphine/ naloxone for maintenance treatment. (18) Most OAT dispensations are directly witnessed, but a few individuals receive 2 to 3 days of take-home doses. Individuals receiving OAT at the time of HCV treatment initiation (28 days before treatment and on OAT while on treatment) were considered to be on OAT. Within on and off OAT groups, we further classified study participants as recent PWID, former PWID, and those not injecting drugs. PWID were identified based on an algorithm using fee-for-service, procedure, and/or diagnostic codes for medical visits, hospitalization, or prescription dispensation and validated in the BC-HTC subset using interview-based risk factor data. (19) For this analysis, we used the IDU algorithm with optimal sensitivity (78%) and specificity (83%); this required two medical visits and one hospitalization. (19) Individuals with drug-related diagnoses in the 3 years prior to treatment were considered recent PWID, and those with diagnoses more than 3 years prior were classified as former PWID (Supporting Table S1 ).
assessment oF sVR
SVR was defined as an undetectable HCV RNA 10 weeks after treatment conclusion. As in other studies, a 10-week time period instead of 12 weeks was chosen to account for variability in testing in clinical practice. (20) A small proportion of individuals were tested at weeks 10 and 11. Patients were categorized as not achieving SVR if they had detectable HCV RNA after the end of treatment, had no viral load testing after the end of treatment, or had detectable HCV RNA on their last HCV viral load test while on treatment or within 10 weeks of the treatment end. To be more conservative in SVR assessment, we excluded patients with undetectable HCV RNA on their last test, either while on treatment or after treatment ended, but with no test at or after 10 weeks of treatment end. Those who never had a negative test on or after treatment were considered as nonresponsive, whereas those who had at least one negative RNA test on or after treatment followed by a positive test for SVR assessment were considered relapsed. Plasma HCV RNA levels were determined using the Abbott RealTime HCV assay (Abbott Molecular, Inc., Mississauga, Canada) with a lower limit of detection for HCV RNA of 12 IU/mL.
assessment oF CoVaRiates
Demographic characteristics included sex, age, birth cohort, and social and material deprivation quintiles.
(21) Assessment of diabetes, major mental illness, cirrhosis, decompensated cirrhosis, problematic alcohol use, and a composite of 30 comorbidities as the Elixhauser comorbidity index was based on algorithms derived from medical visits, hospitalization, or prescription dispensation data using fee-for-service, procedure, and/or diagnostic codes. (22) (23) (24) (25) (Supporting Table S1 )
analyses
We described characteristics of those on and off OAT by PWID status. We computed overall SVR and compared SVR by participant characteristics among OAT/PWID groups using Pearson's chi-square test or Fisher's exact test, as appropriate. For those on OAT, we combined recent and former PWID for optimal sample size. We performed multivariable logistic regression analysis to compute adjusted odds ratios (AORs) and their 95% confidence intervals (CIs) for not achieving SVR to identify predictors of treatment response. All analyses were conducted in SAS/STAT software version 9.4, and all tests were two-sided at a significance level of 0.05. This study was approved by the University of British Columbia Research Ethics Board (H14-01649).
Results
Overall, 6,678 participants initiated treatment with LDV/SOF or SOF/VEL with or without RBV. Of 5,950 with adequate follow-up, 667 were excluded for lack of any HCV RNA test, no HCV RNA test after treatment initiation, or a negative HCV RNA test either during or between the end of treatment and week 10 after treatment but lack of an RNA test after 10 weeks to determine SVR. Of 392 individuals in this last group, 54 (14%) died during treatment or before week 10 after the end of treatment; 9 died from illicit drug-related causes before assessment of SVR, and an additional person died at week 17 after treatment. Of the 5,283 eligible participants (evaluable population), 3,413 and 1,574 were treated with LDV/SOF and SOF/VEL, respectively (Fig. 1 ). Among these, there were 390 individuals off OAT and recent IDU (off-OAT/RIDU), 598 off OAT and past IDU (off-OAT/PIDU), 3,515 off OAT and no IDU (off-OAT/ NIDU), 609 on OAT with IDU (on-OAT/IDU), and 171 on OAT with no IDU (on-OAT/NIDU).
paRtiCipant pRoFile
In all treatment groups, the majority were male patients (64%-74%), aged 50 to 59 years (40%-50%), and in the 1945-1964 birth cohort (51%-81%), which was highest in the off-OAT/NIDU group (81%) ( Table 1) . PWID (off-OAT/RIDU, off OAT/PIDU, and on-OAT/IDU) in comparison to off-OAT/ NIDU had a higher proportion with HIV (23%, 15%, and 27% versus 5%, respectively) or HBV coinfection (13%, 12%, and 14% versus 5%), problematic alcohol use (65%, 55%, and 51% versus 14%), or major mental illness (66%, 61%, and 59% versus 18%). A higher proportion of those in the off-OAT/NIDU group had previous treatment compared to the off-OAT/RIDU group (22% versus 15%, respectively). A higher proportion of off-OAT/RIDU received SOF/VEL compared to the off-OAT/NIDU group (41% versus 31%, respectively) ( Table 1 ).
Response to HCV tReatment
SVR was achieved in 91% (355/390) of the off-OAT/RIDU group, 95% (570/598) in the off-OAT/ PIDU group, 96% (3,360/3,515) in the off-OAT/ NIDU group, 93% (567/609) in the on-OAT/IDU group, and 95% (163/171) in the on-OAT/NIDU group (Table 2) . A higher proportion of those receiving LDV/SOF achieved SVR compared to the SOF/ VEL group (96% [3,330/3,482] ) versus (94% [1,685/1,801], respectively; P = 0.001). Among those who did not achieve SVR with LDV/SOF (152), 34 (22%) could not be assessed for SVR (lost to follow-up), 32 (21%) did not respond to treatment, and 86 (57%) relapsed after an initial response. Within the LDV/SOF group, 38% (13/34) of loss to follow-up was related to death. Of those who did not achieve SVR with SOF/VEL, 56 (48%) could not be assessed for SVR (lost to follow-up), 31 (27%) did not respond to treatment, and 29 (25%) relapsed after an initial response.
SVR did not significantly differ across any variable among the off-OAT/RIDU group, although it was higher among those treated with LDV/SOF compared to SOF/VEL (93% versus 89%, respectively; P = 0.19). SVR was similar among those with and without HIV infection (91% versus 91%, respectively), problematic alcohol use (93% versus 88%), or major mental illness (92% versus 90%) (Fig. 2) .
Among the off-OAT/PIDU group, SVR was significantly higher in those treated with LDV/SOF than SOF/VEL (97% versus 92%, respectively; P = 0.006). SVR was similar among those with and without HIV infection (97% versus 95%, respectively), problematic alcohol use (99% versus 95%), or major mental illness (96% versus 95%).
Among the off-OAT/NIDU, SVR was higher among female patients compared to male patients (97% versus 95%; P < 0.001), birth cohort younger than 1945 compared to those born after 1945 (96% versus 91%; P < 0.02), without cirrhosis compared to those with cirrhosis (96% versus 93%; P = 0.003), and treatment-naive patients compared to those who have been treated previously (96% versus 94%; P = 0.049). Among the on-OAT/IDU group, SVR was higher for those ≥50 years of age (95% versus 90% for those <50 years; P = 0.032) and those treated with LDV/ SOF (96% versus 89% treated with SOF/VEL; P = 0.002).
Among the on-OAT/NIDU group, SVR did not significantly differ across the characteristics of cirrhosis, problematic alcohol use, HIV, or HBV coinfection (Fig. 2) . 355 (91) 35 (9) 570 (95) 28 (5) 3,360 (96) 155 (4) 567 (93) 42 (7) 163 (95) 8 ( (Table 3) .
In the multivariable model for the off-OAT/IDU group, including all PWID, treatment duration of 8 weeks compared to 12 weeks of treatment (AOR, 3.87; 95% CI, 1.64-9.13) and treatment with SOF/ VEL compared to LDV/SOF (AOR, 4.15; 95% CI, 1.73-9.95) were associated with not achieving SVR (Table 3) . In a sensitivity analysis restricted to genotype 1, treatment with SOF/VEL compared to LDV/ SOF (AOR, 1.89; 95% CI, 1.23-2.91) was associated with not achieving SVR. In the model restricted to LDV/SOF, treatment duration of 8 weeks compared to 12 weeks of treatment (AOR, 1.58; 95% CI, 1.05-2.38) was associated with not achieving SVR (Supporting Table S2 ).
Discussion
This study assessed the real-world effectiveness of LDV/SOF for the treatment of genotype 1 and SOF/VEL for the treatment of all genotypes by IDU and OAT status. PWID were less likely to receive treatment in the interferon era, and treatment rates are still low in the DAA era. (4, 7) Currently, there are restrictions in many jurisdictions across the world on treatment of HCV in PWID. In this study, we found that treatment with LDV/SOF or SOF/VEL yielded high SVR rates of 91% among off-OAT/RIDU, 95% among off-OAT/PIDU, and 93% among on-OAT/ IDU, which are all similar to people with no IDU history (96%). SVR was similar among individuals with and without conditions that tend to co-occur among PWID, such as HIV, HBV coinfection, mental illness, and problematic alcohol use. Similar to individuals not injecting drugs, PWID on or off OAT and who had cirrhosis or genotype 3 or were treated with SOF/ VEL were less likely to achieve SVR. In the multivariable model, after adjusting for other characteristics, off-OAT/RIDU and on-OAT/IDU groups were less likely to achieve SVR. Across models, male sex, cirrhosis, shorter treatment duration, and treatment with SOF/VEL were associated with not achieving SVR. Lower SVR among PWID groups and among male individuals was related to higher loss to follow-up. Some of this loss was related to deaths from drug overdose while on treatment or before SVR was assessed. Both of these issues highlight that highly effective treatments alone would not be sufficient to achieve a high HCV cure and improvement in overall health among PWID. In summary, these findings provide real-world evidence for successful treatment of PWID similar to those not injecting drugs but also highlight the need for additional measures to prevent loss to follow-up and overdose-related deaths among PWID.
Although there are limited DAA-era real-world effectiveness data on the treatment of PWID compared to those not injecting drugs, our findings are consistent with other studies. Studies of individuals not injecting drugs have shown similar higher SVR rates in clinical trials and real-world settings, where SVR rates of approximately 90% to 95% have been reported. (8, 20, 26) Available data from small previous studies and the recent reviews assessing treatment outcomes among PWID have shown high SVR rates; these studies include a trial among people on OAT using elbasvir/grazoprevir, which showed an SVR of 95%, and a recent trial on current PWID using SOF/VEL, which showed an SVR of 94%. (8, 9, (12) (13) (14) (15) (16) 27) However, the study population in those trials was selective, as people with HIV were not included and study participants were followed more closely; therefore, loss to follow-up was lower. The current study and previous studies provide consistent evidence on the successful treatment of PWID with various DAA regimens, although the SVR rate in our study was slightly lower among the off-OAT/RIDU and on-OAT/IDU groups. The difference in rate could be accounted for by deaths and loss to follow-up. In addition, successful treatment does not provide protection from reinfection. Data on reinfection in the DAA era are emerging. We have recently shown that recent PWID had higher reinfection rates compared to past PWID and those not injecting. (28) In the current study, some individuals who had a positive RNA test following a negative test while on treatment or soon after the end of treatment followed by a positive RNA test before or at 10 weeks after the end of treatment are considered to have failed treatment. Some of these treatment failures could be reinfections; however, it is not possible to distinguish relapse from reinfection without genetic sequencing. HCV reinfections could be prevented through the integration of HCV treatment in needle syringe distribution and OAT programs. (29) Thus, there is a need for engagement in harm reduction and overdose prevention services to prevent reinfection and drug-related deaths among PWID following treatment.
A large proportion of PWID have HIV coinfection, problematic alcohol use, and/or mental illness, (3, 30, 31) and this real-world study included people who had these characteristics. Such groups were excluded from clinical trials of DAA treatment efficacy due to strict eligibility criteria (8, 11) ; thus, our cohort represents a real-world PWID population treated with DAAs. We found that there was no difference in SVR by any of these characteristics, which is similar to the findings from others. (13) However, among PWID who did not achieve SVR, there was a substantial loss to follow-up, some of which was related to death, including drug overdose deaths, while on treatment or before assessment of SVR. Loss to follow-up was higher among male patients, similar to a recent report from Germany on DAA treatment among people on OAT. (13) This highlights two important issues affecting the overall impact of DAAs on health outcomes: loss to follow-up and high mortality not related to HCV. With new highly effective treatments, we could assume that most people who complete treatment and are lost to follow-up will achieve SVR. However, loss to follow-up will limit opportunities to prevent drug-related deaths as well as reinfection in this population. As there are limited data on loss to follow-up, there is a need to further estimate the magnitude across different settings and patients more likely to be lost to follow-up. These findings also suggest that although highly effective DAAs could cure HCV, they alone would not be sufficient to improve the overall health and survival of PWID. Preventing drug-related deaths and ill health will require comprehensive services, such as social support, mental health services, addiction treatment, and management of co-occurring infections, to address multiple comorbidities and socioeconomic vulnerabilities.
The SVR with SOF/VEL was lower than that with LDV/SOF. Although some of this difference in the SVR was related to patients with genotype 3 who had a lower SVR than those with genotype 1 with SOF/ VEL (92% versus 93%, respectively), the difference in the SVR remained even in the analysis restricted to individuals of genotype 1. Patients treated with SOF/ VEL may have slightly more severe disease than those treated with LDV/SOF. Although we accounted for genotype, viral load, and various comorbidities in the multivariable model, further studies are required to evaluate the difference in the SVR between LDV/ SOF and VEL/SOF while accounting for patient characteristics. There is also a need for evaluations of baseline mutations in genotype 3, which make VEL less effective in certain subtypes of genotype 3. (32) Similarly, we found SVR rates were significantly different between 8 weeks and 12 weeks of treatment after adjusting for viral load and genotype in the overall analysis and the analysis restricted to LDV/ SOF; others have reported no difference in SVR with 8 weeks versus 12 weeks of LDV/SOF. (33, 34) This also requires further evaluation while accounting for patient characteristics.
During the study period, treatment in British Columbia and the rest of Canada was based on disease severity (restricted to people with fibrosis level ≥F2), which was lifted in March 2017. Thus, characteristics of PWID treated during this period may be different from those who have not yet been treated in terms of injecting behaviors and co-occurring problematic alcohol use, mental illness, homelessness, and socioeconomic marginalization. Treatment adherence, and hence effectiveness and loss to follow-up, may be different in people with more chaotic lifestyles. As we transition into treating this group, there is a need for monitoring treatment effectiveness and loss to follow-up to optimize appropriate supporting care needed to maintain high treatment effectiveness.
The study should be interpreted with the following limitations. The assessment of IDU was based on a validated algorithm with a sensitivity of 78% and specificity of 83%, with potential for misclassification. (19) Because we found a high SVR and there was little difference across groups, misclassification is not expected to have a major impact on our findings. Our definition of PWID and the population included in this study could be different from that used in other studies; therefore, findings should be compared with caution. This study is based on health care utilization data, so detailed drug use-related information, which could have contributed to the interpretation of the findings, was not available.
In conclusion, this large real-world assessment of DAA effectiveness among PWID and those not injecting drugs by OAT status showed a high SVR with LDV/SOF or SOF/VEL overall and across various subgroups, including those with HIV coinfection, problematic alcohol use, and mental illness. These results are similar to other real-world cohorts not primarily focused on PWID/OAT. Our findings confirm the possibility of achieving high cure rates among PWID and open up the possibility of expanding treatment to PWID with the potential to reduce onward transmission and overall HCV burden among PWID. However, loss to follow-up and drug-related mortality could reduce the overall cure rate and dilute the overall impact of highly effective treatments. This highlights that treatment alone would not be sufficient to achieve improvements in the survival and health of PWID but will require additional support measures to prevent drug-related deaths as well as reinfections. Further work is needed to understand the impact of loss to follow-up and interventions to reduce losses along the treatment cascade.
